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Original scientific paper 
This paper provides a method of determining the BWE digging force considering the characteristics of soil which needs to be excavated, bucket cutting 
contour, cutting speed and vertical vibration of the bucket wheel. Digging force depends on the specific force resistance to excavation (SFRE) and the 
total length of buckets cutting contours that are simultaneously in mesh with the material. The SFRE is conditioned by the characteristics of material, 
cutting speed and it is random variable, while the total length of buckets cutting contours depends on the number of buckets that are simultaneously in 
mesh with the soil and vertical oscillations of the bucket wheel. Total length of buckets cutting contours time function is determined considering moving 
of bucket wheel center point, based on a dynamic model of BWE in the vertical plane.  
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Utjecaj vertikalnih vibracija rotora na silu kopanja rotornog bagera 
 
Izvorni znanstveni članak 
Ovaj rad daje postupak određivanja sile kopanja rotornog bagera uzimajući u obzir karakteristike kopanog materijala, reznu ivicu lopatice, brzinu rezanja i 
vertikalne vibracije radnog kotača (rotora). Sila kopanja ovisi o specifičnom otporu kopanju (SOK) i ukupnoj duljini reznih rubova lopatice koje su 
istovremeno u zahvatu s kopanim materijalom. SOK je uvjetovan karakteristikama kopanog materijala, brzine rezanja i slučajna je veličina, dok ukupna 
duljina reznih rubova lopatice ovisi o broju lopatica koje su istovremeno u zahvatu s kopanim materijalom i vertikalnim vibracijama radnog kotača. 
Funkcija promjene ukupne duljine reznih rubova lopatica u ovisnosti od vremena dobivena je na osnovu dinamičkog modela rotornog bagera u vertikalnoj 
ravni, uzimajući u obzir pomak središta radnog kotača.  
 






Mathematical modelling of digging forces at bucket 
wheel excavator working wheel is difficult with a 
large number of factors that influence excavation process 
[14]. Main factors are: characteristics of soil to be 
excavated, bucket cutting contour, bucket volume, cutting 
speed, shape and condition of tooth, etc. Characteristics of 
soil are represented by specific resistance to excavation 
(SFRE) reduced on unit chip section area and unit length 
of cutting contour. According to [6], advantage of SFRE 
reduced to cutting length (kL) is its independence of chip 
cross section area and shape. In reference [4] is 
represented the procedure to determine the SFRE, but 
without influence of cutting speed. According 
to researches [5], value of SFRE is greatly influenced by 
cutting speed, too. From either side cutting contour 
depends on bucket wheel vibrations in vertical plane. 
These vibrations are caused by digging forces and 
superstructure vibrations of its own [13]. Influence of 
superstructure vibrations on the chip dimensions is 
discussed in references [2, 12]. Dynamic models of 
digging [16, 17, 18, 20, 21], lifting [9] and superstructure 
[3] subsystems in this paper are combined through a 
mathematical model or a single program. The results 
obtained using the dynamic model presented in this paper, 
in addition to other extensive diagnostic testing [15], can 
be used to identify the optimal retrofit solution [8]. 
Theoretical knowledge concerning vibro-impact dynamics 
system [11] is used for digging forces analysis. Dynamic 







Digging force has a key effect on the dynamic 
behaviour of the bucket wheel drive system [18]. In 
relation to the total power that motor torque must 
overcome the digging force is the biggest. At a very hard 
massive excavation lifting to the point of discharge 
consumes less than 10 % of total power, which clearly 
indicates the need for a comprehensive analysis of the 
digging forces. 
Digging force can be presented as the sum of the 
following: cutting force, friction force and inertial force. 
It is spatial, non-stationary and stochastic. Number of 
influential parameters, whose individual contribution is 
very different and mutually conditioned, affects on her 
character. Experimental methods are mainly in use for 
isolation and determination of the most important impact. 
To facilitate the analysis of digging the force should 
be seen by components in the corresponding planes. First 
will be seen tangential component of digging force in the 
vertical plane, as the largest one (Fig. 1).  
 
 
Figure 1 Tangential component of a bucket digging force 
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Tangential component of a bucket digging force 
according to [1] is given by the following equation: 
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][0 Lkrandomk  - Randomly selected value from a range 
of SFRE measured values. 
0L  - Length of a bucket cutting contours. 
 
Based on the measuring results of the SFRE, and 
according to equation (1) force on the bucket cutting 
contours is mathematically modelled. By multiplying the 
length of the bucket cutting contours with randomly 
selected value ][0 Lkrandomk   from a range of SFRE 
measured for adequate working conditions, tangential 
force according to selected position of bucket is 
calculated. Repeating this procedure with a new position 
of the bucket defined by angle   and a new selection of 
random values for SFRE from series of measurements 
will be calculated a new value of the tangential force. 
Modelling is continued based on the same principle for all 
buckets which are included in contact with soil. Summing 
up the values of the ordinate cumulative tangential force 









                                 (2) 
 
n – number of buckets that are simultaneously in mesh 











                                     (2a) 
 
Ltot – time function of buckets cutting contours total 
lengths that are simultaneously in mesh with the soil. 
 
2.1  
Specific resistance to excavation (SFRE) 
 
Ignoring any additional interaction between cutting 
contours and soil, it can be said that the digging force 
results mainly from the mechanical properties of the soil, 
which is mathematically expressed by the SFRE. As the 
SFRE is random variable, its value in the process of 
digging can be obtained only by measuring. However, 
despite its random nature, there are appropriate rules that 
can help in modelling the SFRE and the digging force: 
 Jumps occur in small intervals, separately, not at once 
for each bucket in mesh with the Soil. 
 In inhomogeneous soil less SFRE values 
correspond to a smaller number of hard pieces 
inclusions. 
 Increasing thickness of cutting layer results in 
some reduction in SFRE. 
  The number of observed jumps corresponds to 
the Poisson distribution, which means that: 
1. number of jumps is independent random value, 
2. likelihood of the same number of jumps in an 
interval is constant and 
3. jumps in smaller intervals are individual. 
 
Experimentation [7] obtained the values of digging 
SFRE in the Kosovo coal basin [10] for gray compact 
clay excavation and measurement results are presented 
graphically in Fig. 2. 
 
 
class kL / kN/m 
Figure 2 Values of SFRE at the Kosovo coal basin 
 
2.2  
Length of buckets cutting contours 
 
Buckets cutting contours length is variable and 
depends primarily on the number of buckets that are 
simultaneously in mesh and slice geometry. 




       
 
Figure 3 Total length of buckets cutting contours that are 
simultaneously in mesh with the Soil 
 
Fig. 3 shows the time function of buckets cutting 
contours total length where oscillation of bucket wheel in 
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conditioned by the cyclical buckets entry and exit in 
digging process. 
Determination of the vertical movement of bucket 
wheel by taking into account the inhomogeneity of the 
soil and stochastic digging force is only possible by 
simultaneously solving the system of differential 
equations which describe the oscillation of the lifting 
subsystems elements, bucket wheel drive system and 
supporting structure of bucket wheel excavator. 
 
3  
Dynamics model of bucket wheel excavator 
 
Fig. 4 shows the kinematics scheme of the boom 
lifting drive system, consisting of the following: an 
asynchronous electric motor (EM), mechanical coupling 
(S), gearbox (R), brakes (K) and drum for rope winding 
(D). Interesting for this work is the case where the 
balance is established between the braking and load 
torque. Only a few teeth coupled due changeable nature of 
the torque load at the catch. This leads to very rapid wear 
of the gears tooth flanks, and therefore to a relatively 
small gear life. Oscillatory system of boom lifting drive 
system motion [9] is represented as four rotating masses 
on a single shaft wedged (Fig. 4a):  
kJ – break moment of inertia,  
rJ – the reduced gearbox moment of inertia on the shaft 
brake, 
5J – the reduced gear number 5 moment of inertia on the 
shaft brake, 
6J – the reduced gear number 6 and drum moment of 
inertia on the shaft brake. 
 
Dominant influence of the oscillations of the system 
has upper supporting structure. According to analysis [3], 
the upper supporting structure accumulates around 85 %, 
portal sheet 10 %, suspension system about 3 % while all 
other substructure (boom, bucket wheel drive system and 
lower supporting structure) accumulate less than 1 % of 
the system potential energy in its oscillations. Those facts 
suggest that in the analysis of the systems low-frequency 
oscillations, the deformability of the lower support 























































a) Boom l lifting drive system 
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Figure 5 Simulink model of BWE dynamics model 
 
Oscillatory system of BWE supporting structure [3] is 
represented as two rotating masses: 
J7 – boom and bucket wheel moment of inertia on. 
J8 – portal moment of inertia, 
 
Oscillatory system of bucket wheel drive system [19] is 
represented as two rotating masses (Fig. 4b). 
JI – electric motor moment of inertia. 
JII – bucket wheel and bucket wheel drive system gearbox 
moment of inertia. 
 
Solving the system of differential equations using 
Runge-Kutta methods in Matlab software package – 
3.angular coordinates gear no. 5 (5)
4.angular coordinates gear no 6 (6) 
6.angular velocity gear no. 6 (’6) 
5. angular velocity gear no. 5 (’5) 
7.vertical movement of bucket wheel ( x)
8.digging force (Fw) 
9.force in the rope (Fu) 
10. Moment of electricmotor (Mm) - digging subsystems 
11.x coordinates movement of the bucket cutting conture
12.y coordinates movement of the bucket cutting conture
2.Force on gear no. 6 (F6) 









force angular coordinates 
of bucket wheel





































Mux 14. Braking torque (Mp) 
15. Roop stiffness (Cu) 
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SIMULINK module (Fig. 5) the results are obtained that 
will be graphically represented. 
Fig. 6 graphically presents vertical movement of 
bucket wheel time functions that superimposed their own 
supporting structure vibrations and vibrations caused by 
the digging force influence.  
 
 
Figure 6 Vertical movement of bucket wheel 
 
The length of a bucket cutting contour changes 











Figure 7 Changing bucket cutting contour 
 
,)(20  costxL          (7) 
 
  - bucket position angle,  0 . 
 
 Realistically observed amplitude vibration of bucket 
wheel in vertical plane does not exceed a few centimetres, 
which also causes slight changes of cutting force (6 ÷ 7 
%). However, when digging in inhomogeneous areas 
there are large changes in intensity and frequency of 
digging force. This causes the excessive vibration of 
bucket wheel in the vertical plane and a significant 
departure from the bucket cutting contours ideal path. 
The sum of buckets cutting contours length (2a) and its 
calculated changes (7) gives the time function of actual 
buckets cutting contours length (Fig.7). 











π2cos)(2              (8) 
 
n – number of buckets that are simultaneously in mesh 
with the Soil, 
z – total number of buckets on bucket wheel, 
 – total cutting angle.  
 












Figure 7 Actual buckets cutting contours length 
 
Based on the measured values of the resistance 
coefficient and actual length of the cutting contours for 
buckets that are simultaneously in mesh with the Soil, 
according to the formula (2), the digging force is 




Figure 8 Digging force: blue curve – considering bucket wheel vertical 
vibration,  red curve – excluding bucket wheel vertical vibration 
 
The red curve (Fig. 8) represents digging force where 
bucket wheel vertical vibration was not taken into 
account. There is a significant difference in the oscillation 
frequency and amplitude of the digging forces for these 
two cases. Namely, the maximum value of digging force 
has increased by 70 % considering bucket wheel vertical 
vibration. Oscillations are more frequent which also 






Vibration of bucket wheel in a vertical plane, 
especially for hard materials excavation, had significant 
affect on the section geometry and digging force. 
Therefore, the dynamic calculations of the major BWE 
sub-systems should not ignore the vibration of bucket 
wheel in vertical plane. Reconstruction of the BWE sub-
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systems main elements pointed to dampening the 
vibration of bucket wheel in a vertical plane and reducing 
the digging force would lead to a reduction in their 
dynamic load. The mathematical model described in this 
paper can be used to test the effects of BWE sub-systems 
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